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Key Points:
• 1 The MHD-EPIC simulation magnetic fields and plasma data match MMS3 ob-
servations well during the magnetopause crossing
• 2 There are usually multiple X-lines at the magnetopause in the MHD-EPIC sim-
ulation
• 3 The MHD-EPIC simulation shows complex movement and spreading of the X-
lines
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Abstract
We use the MHD with embedded particle-in-cell model (MHD-EPIC) to study the Geospace
Environment Modeling (GEM) dayside kinetic processes challenge event at 01:50-03:00
UT on 2015-11-18, when the magnetosphere was driven by a steady southward IMF. In
the MHD-EPIC simulation, the dayside magnetopause is covered by a PIC code so that
the dayside reconnection is properly handled. We compare the magnetic fields and the
plasma profiles of the magnetopause crossing with the MMS3 spacecraft observations.
Most variables match the observations well in the magnetosphere, in the magnetosheath,
and also during the current sheet crossing. The MHD-EPIC simulation produces flux
ropes, and we demonstrate that some magnetic field and plasma features observed by
the MMS3 spacecraft can be reproduced by a flux rope crossing event. We use an algo-
rithm to automatically identify the reconnection sites from the simulation results. It turns
out that there are usually multiple X-lines at the magnetopause. By tracing the loca-
tions of the X-lines, we find the typical moving speed of the X-line endpoints is about
70 km/s, which is higher than but still comparable with the ground-based observations.
1 Introduction
The dayside magnetopause reconnection is the most important mechanism for the
mass and energy transfer from the solar wind to Earth’s magnetosphere. Since the mag-
netic field in the magnetosphere is usually stronger than the magnetosheath magnetic
field, the dayside reconnection is asymmetric. The processes of the dayside asymmet-
ric reconnection have been studied with both spacecraft data and numerical models.
Particle-in-cell (PIC) codes have been widely used to investigate the kinetic pro-
prieties of the asymmetric reconnection, such as the reconnection rate (Cassak & Shay,
2007), the electric field and magnetic field structures (Malakit, Shay, Cassak, & Ruffolo,
2013; Mozer, Pritchett, Bonnell, Sundkvist, & Chang, 2008), and the signatures of the
electron diffusion regions (M. Shay et al., 2016). On the other hand, the efficient MHD
models are well-suited for investigating the global features of the magnetopause recon-
nection. For example, Borovsky, Hesse, Birn, and Kuznetsova (2008) studied the global
reconnection rate with the global MHD model BATS-R-US (Powell, Roe, Linde, Gom-
bosi, & De Zeeuw, 1999), and Komar, Fermo, and Cassak (2015) compared the global
MHD simulations with several dayside magnetic reconnection location models (Moore,
Fok, & Chandler, 2002; Trattner, Mulcock, Petrinec, & Fuselier, 2007). In recent years,
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more and more kinetic models are applied to simulate the kinetic processes at the mag-
netopause, such as the hybrid models (Karimabadi et al., 2014; Tan, Lin, Perez, & Wang,
2011), the hybrid-Vlasov model (Hoilijoki et al., 2017), and the MHD with embedded
particle-in-cell (MHD-EPIC) model (Chen et al., 2017).
As the products of the dayside magnetopause reconnection, the flux transfer events
(FTEs) have attracted the attention of the numerical modeling community. Ideal-MHD
(Fedder, Slinker, Lyon, & Russell, 2002; Raeder, 2006; Sibeck, Kuznetsova, Angelopou-
los, Glaßmeier, & McFadden, 2008) and resistive MHD (Dorelli & Bhattacharjee, 2009)
models have been used to generate FTEs in global simulations. Recently, more sophis-
ticated models that contain kinetic physics have also been used to study the FTEs. Hoil-
ijoki et al. (2017) performed a 2D global magnetospheric hybrid-Vlasov simulation to in-
vestigate the dayside reconnection and FTEs. Chen et al. (2017) studied the generation
and evolution of FTEs with 3D MHD-EPIC model.
Another prominent topics of the 3D dayside reconnection is the spreading of the
X-lines. Huba and Rudakov (2002) found the X-line in a Hall-MHD simulation propa-
gates asymmetrically along the current channel like a wave. The growth of the X-line
was further studied by a hybrid code (Karimabadi, Krauss-Varban, Huba, & Vu, 2004)
and a two fluid code (M. A. Shay, Drake, Swisdak, Dorland, & Rogers, 2003). From 3D
PIC simulations, Lapenta, Brackbill, and Ricci (2006) found the X-line grows in the di-
rection of the current carrier, and the X-line spreading speed depends on the current sheet
thickness. Shepherd and Cassak (2012) discussed the role of the guide field. They sug-
gested the X-line spreading is due to the motion of the current carrier under weak guide
field, and the bidirectional spreading is caused by the Alfven waves along the guide field.
Recently, the X-line spreading at the magnetopause is observed by the SuperDARN radar
(Zou et al., 2018). The SuperDARN observations suggested the X-line spreading speed
is about 40 km/s for the reconnection under weak guide field.
Numerical simulations are crucial for understanding the dynamics at the magne-
topause. To assess the performance of the numerical models on the dayside kinetic pro-
cesses, the Geospace Environment Modeling (GEM) dayside kinetic processes focus group
combined efforts from both modelers and observers to study the same event. The focus
group selected the southward IMF event on 2015-11-18 01:50-03:00 UT as the challenge
event. This challenge is a collaborative effort by both numerical modelers and observers
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to compare the numerical simulation results with the spacecraft and ground-based ob-
servations. Kitamura et al. (2016) has analyzed the MMS and Geotail data for this event,
and estimated the X-line location to be around ZGSM = 2 RE . Recently, Nishimura
et al. (2020) studied the X-line spreading of this event. We use the MHD-EPIC model
(Daldorff et al., 2014) to simulate the challenge event in the present paper. Compared
to the study by Chen et al. (2017), the present paper uses a realistic dipole field and so-
lar wind conditions so that the simulation results are comparable to the observations,
and a new robust and accurate particle-in-cell algorithm (Chen & To´th, 2019) is used
to improve the simulation quality. In this paper, we focus on the model-data compar-
isons. We compare the magnetopause crossing magnetic field and plasma data with the
MMS3 data, and show the movement and spreading of the X-lines in the simulation are
comparable to the ground-based observations.
In the following section, the numerical details of the MHD-EPIC model are described,
and section 3 presents the simulation results and compares the simulation with obser-
vations.
2 Numerical models
The MHD-EPIC model (Daldorff et al., 2014), which two-way couples the Hall-MHD
model BATS-R-US (Powell et al., 1999; To´th, Ma, & Gombosi, 2008) and the semi-implicit
particle-in-cell code iPIC3D (Chen & To´th, 2019; Markidis, Lapenta, & Rizwan-Uddin,
2010) through the Space Weather Modeling Framework (SWMF) (To´th et al., 2005, 2012),
is applied to study the challenge event on 2015-11-18. The dayside magnetopause is cov-
ered by the particle-in-cell (PIC) code so that the kinetic effects of the dayside magnetic
reconnection are incorporated into the model, and the fluid model BATS-R-US handles
the rest of the simulation domain. The MHD-EPIC simulation in the present paper uses
the same fluid model, i.e., the Hall-MHD model with a separate electron pressure equa-
tion, and the same boundary condition types as the simulation performed by Chen et
al. (2017). But the dipole field, the inner boundary density, and the solar wind condi-
tions are different from those of Chen et al. (2017). The dipole field is approximately 27◦
tilted from the ZGSM -axis towards the negative XGSM -direction. The present paper uses
a fixed inner boundary density of 8 amu/cc at r = 2.5 RE to match the magnetospheric
plasma profiles that were observed by the MMS satellites (Figure 5). A steady solar wind
with B = (0, 0,−6) nT, mass density ρ = 9.5 amu/cm3, ion temperature Ti = 9 eV,
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electron temperature Te = 9 eV, and solar wind velocity u = (−365, 0, 0) km/s, is used
to drive the magnetosphere. These solar wind values are obtained by averaging and sim-
plifying the ACE and Wind satellites data. In this simulation, BATS-R-US uses a lo-
cally refined Cartesian grid with a cell size of 1/16 RE around the dayside magnetopause.
The PIC code uses the latest Gausss Law satisfying Energy Conserving Semi-Implicit
Method (GL-ECSIM) (Chen & To´th, 2019), and it covers the dayside magnetopause (Fig-
ure 1). The PIC region is rotated 15◦ from the ZGSM -axis to the XGSM -axis to be aligned
with the dayside magnetopause. The size of the PIC box is Lx = 7 RE , Ly = 16 RE
and Lz = 12 RE . It extents from −8 RE to 8 RE in the GSM-Y direction. In the GSM
X-Z plane, its bottom-left corner is at x = 5.5 RE and z = −3 RE , and the rotation
is performed around this corner. After the rotation, the Y-axis of the PIC coordinates
is still parallel with YGSM , but the X-axis and the Z-axis of the PIC domain are not aligned
with the GSM coordinates anymore. The transformation between the PIC coordinates
and the GSM coordinates in the units of RE are:
XGSM = XPIC · cos(15◦)− ZPIC · sin(15◦) + 5.5 (1)
YGSM = YPIC − 8 (2)
ZGSM = XPIC · sin(15◦) + ZPIC · cos(15◦)− 3. (3)
A uniform Cartesian mesh with a cell size of 1/25 RE is used for the PIC simula-
tion. 100 macro-particles per species per cell are applied as the initial conditions and the
boundary conditions. The physical ion inertial length di is just about 40 km/s in the mag-
netosheath, and it is extremely expensive to resolve such a small scale in a global sim-
ulation. So, similar to the simulation by Chen et al. (2017), we artificially increase the
plasma kinetic scales by a factor of 16 by reducing the charge per mass ratio (To´th et
al., 2017). The electron kinetic scales are further increased by using a reduced ion-electron
mass ratio of mi/me = 100. In the magnetosheath, the mesh resolves one inertial length
with about three cells, which is coarser than typical PIC simulations due to the limita-
tion of the computational resources. The grid resolution is not high enough to well re-
solve the electron scales, e.g. electron skin depth, and some kinetic processes related to
magnetic reconnection, such as the particle-wave interaction and streaming instability,
may not be described accurately. In the following section, we show that the MHD-EPIC
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Figure 1. The plasma density and the magnetic field lines in the YGSM = 0 plane. The blue
rectangular box represents the region that is simulated by the PIC code.
simulation still agrees with MMS observations well in general. We focus on the MHD-
EPIC simulation results in this paper, but we also present the ideal-MHD and Hall-MHD
simulations for comparison. We run the model BATS-R-US with the ideal-MHD equa-
tions first with the local time-stepping scheme to reach a steady-state, and then continue
with a 1-hour simulation in time-accurate mode to make the magnetopause structures
sharper. This ideal-MHD simulation results at t = 1 h is used as the initial conditions
of the 3-hour-long (from t = 1 h to t = 4 h) MHD-EPIC and Hall-MHD simulations.
Ideal-MHD itself also runs to t = 4 h for comparison. We use the simulation results from
t = 1 h to t = 4 h for the analyses in the next section. In the pure Hall-MHD simu-
lation, the ion inertial length is also artificially increased by a factor of 16 by reducing
the charge per mass ratio to be consistent with the MHD-EPIC simulation and to bet-
ter resolve the ion inertial length.
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3 Simulation results and comparison with observations
3.1 Magnetopause crossing
Kitamura et al. (2016) calculated the LMN coordinates for the MMS3 magnetopause
crossing. The L axis is [0.1974, 0.2013, 0.9594], the M axis is [0.1170, 0.9669, 0.2269],
and the N axis is [0.9733, 0.1570, 0.1673] in the GSM coordinates. This LMN coordi-
nate system is used in the present paper to compare simulation results with observations.
To compare the simulation results with the MMS3 observations, we extract the sim-
ulation data from a virtual satellite, which has the same orbit and speed (∼1.57 km/s)
as MMS3. In the MHD-EPIC and Hall-MHD simulations, the ion-scale features (such
as the current sheet thickness, the ion-scale flux ropes, and the reconnection ion diffu-
sion region) are 16 times larger than in reality, and hence the virtual satellites in the sim-
ulations take 16 times longer time to fly across such features. To be consistent with the
MHD-EPIC and Hall-MHD simulations, we also present the ideal-MHD simulation re-
sults in the same scales as the MHD-EPIC and Hall-MHD simulations. However, we note
that there is not any physical reason behind the scaling of ideal-MHD simulation results.
The ideal-MHD equations do not have any intrinsic scales, and the ion-scale structures
in the ideal-MHD simulation only depend on the simulation grid resolution.
3.1.1 Magnetopause location
Figure 2 presents the Bz,GSM magnetic field in the ZGSM = −0.375 RE plane (left)
and the ZGSM = 1.375 RE plane (right) at the end of the MHD-EPIC simulation. The
red lines, where Bz,GSM = 0, indicate the location of the simulation magnetopause. The
black curves and the black ’+’ signs represent the satellite orbits and the observed mag-
netopause locations. The ’bumps’ of the magnetopause (red lines) are produced by the
reconnection effects. During the simulation, the magnetopause shape and location vary,
but the distances between the satellites observed magnetopause locations (black ’+’) and
the nearest simulation magnetopause are always within 0.5 RE , which can be verified
by the the magnetopause crossing data in Figure 3. Figure 3 plots the magnetic fields
collected by the MMS3 satellite and the virtual satellites in the simulations. We note
that the spatial and temporal scales of the simulation plots are 16 times larger than the
MMS3 observations due to the scaling. In the MMS3 data, the magnetopause identified
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by Bl = 0 is around XGSM = 9.735 RE , and it is around XGSM = 9.4 RE for the
MHD-EPIC simulation.
3.1.2 Magnetic fields
Figure 3 shows the magnetopause crossing magnetic fields from the MMS3 space-
craft, the Auburn Hybrid model (Guo et al., 2020), and the SWMF ideal-MHD, Hall-
MHD and MHD-EPIC simulations. The Auburn hybrid model is another model that sim-
ulated the GEM dayside kinetic processes challenge event. We plot the hybrid simula-
tion results here for completeness, and more details about the hybrid simulation can be
found in Guo et al. (2020). We focus on the comparison between the MMS3 data and
the SWMF simulations in the present paper.
All the three SWMF simulations are essentially the same when the virtual satel-
lites are far from the magnetopause. The magnitude of the magnetic field Bt and the
Bl component from the SWMF simulations agree with MMS3 observations very well both
in the magnetosphere (left end of Figure 3) and in the magnetosheath (right end of Fig-
ure 3). The Bm component from the simulations also matches MMS3 data very well in
the magnetosphere, but not in the magnetosheath. MMS3 observed a significant pos-
itive component of Bm in the magnetosheath. However, the simulation Bm is very close
to zero in the magnetosheath, because the Bm component is dominated by the By,GSM
component, and By,GSM is zero in the simulation solar wind conditions. The difference
in the Bm component between the simulations and the MMS3 data may come from the
simplified upstream IMF conditions. The Bn component is essentially zero in both MMS3
observations and the simulations besides the small-scale oscillations.
Across the current sheet (from XGSM = 9.72 RE to XGSM = 9.74 RE for MMS3),
both the MMS3 and the MHD-EPIC Bl components decrease at a similar rate from the
magnetosphere to the magnetosheath. This suggests that suggests the MHD-EPIC sim-
ulation captures the current sheet thickness correctly. The Hall-MHD simulation shows
a comparable decreasing rate, but it contains more large-amplitude oscillations than both
the MMS3 data and the MHD-EPIC simulation. Since the current sheet structure of the
ideal-MHD simulation strongly depends on the grid resolution, we will ignore the ideal-
MHD simulation for the current sheet related comparisons.
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Around XGSM = 9.72 RE , MMS3 observed a dip in Bl, Bm, and Bt, and the MHD-
EPIC simulation also shows similar structures. A detailed comparison will be presented
in section 3.1.5. Since the current sheet is quite dynamic, the simulations can not repro-
duce all features. For example, around XGSM = 9.75 RE , MMS3 observed that the Bl
component field increases to zero, and the Bm and Bn components show significant vari-
ations, but none of the simulations capture these structures.
Figure 4 shows the power spectral densities (PSDs) of the perpendicular and par-
allel magnetic field fluctuations in the magnetosphere, the current sheet, and the mag-
netosheath. The details of calculating the PSDs from the MMS3 data can be found in
Guo et al. (2020). In the simulations, we use the magnetic field data collected at XGSM =
8.82 RE , XGSM = 9.34 RE and XGSM = 9.83 RE along the MMS3 orbit to repre-
sent the magnetosphere, current sheet, and magnetosheath, respectively. Bl is the par-
allel component, Bm and Bn are the two perpendicular components. Since the ion tem-
poral scales in the MHD-EPIC and pure Hall-MHD simulations are 16 times slower than
the reality due to the scaling, the simulation PSDs in Figure 4 are scaled by a factor of
16 to match the MMS3 data. The MHD-EPIC PSDs agree with observations well in the
current sheet and the magnetosheath in general, but they are much higher than the MMS3
PSDs in the magnetosphere. Even though there is a significant difference in the mag-
netosphere PSDs between the MMS3 data and the MHD-EPIC simulation, both show
the same trend that the magnetosphere PSDs are much smaller than either the current
sheet or magnetosheath PSDs for the high frequencies (> 0.1 Hz). The Hall-MHD PSDs
are very similar to the MHD-EPIC PSDs for the frequencies less than 1 Hz, and they
decrease faster than the MHD-EPIC PSDs for the frequencies larger than 1 Hz in gen-
eral. The ideal-MHD PSDs are also presented for completeness, but we note again that
the ideal-MHD PSDs strongly depend on the numerical parameters.
3.1.3 Ion profiles
Figure 5 shows the ion density, temperatures, and velocities during the magnetopause
crossing. With an inner boundary density of 8 amu/cc, the ion densities of the SWMF
simulations on the magnetospheric side match the MMS3 observation well. The simu-
lation densities in the magnetosheath also agree with MMS3 data due to the proper sim-
ulation solar wind plasma density. The density variations around XGSM = 9.72 RE are
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probably caused by flux rope-like structures. Section 3.1.5 shows such structures in de-
tail.
The temperatures from all three SWMF simulations match MMS3 data in the mag-
netosheath. The MHD-EPIC parallel temperature also matches the observation very well
in the magnetosphere, but the MHD-EPIC perpendicular temperature is just about 1400 eV
while the observed value is about 2000 eV. The Hall-MHD and ideal-MHD magnetospheric
temperatures are about twice higher than the MMS3 data. We note that the temper-
ature is a scalar in the Hall-MHD and ideal-MHD simulations, and the parallel and per-
pendicular temperatures are the same.
MMS3 observed high-speed southward flow between XGSM = 9.72 RE and XGSM =
9.74 RE . The flow reached a velocity of vi,l ≈ −300 km/s. This fast ion flow is likely
to be the product of magnetic reconnection. The simulations also show such ion jets, but
the simulation jets only reach a velocity of vi,l ≈ −200 km/s. The outflow velocity cal-
culated from the Cassak-Shay equation (Cassak & Shay, 2007) is 190 km/s by choosing
the magnetosheath and magnetosphere densities and magnetic fields ni,sp = 1 amu/cc,
ni,sh = 35 amu/cc, Bt,sp = 60 nT, and Bt,sh = 30 nT, where the subscript ’sh’ indi-
cates the magnetosheath, and ’sp’ represents the magnetosphere. The simulated outflow
velocity is very close to the velocity from the Cassak-Shay equation. The MMS3 also ob-
served jets between XGSM = 9.74 RE and XGSM = 9.76 RE , but the simulations do
not produce similar structures. The most significant difference between the observations
and the simulations is the vi,m component in the magnetosphere. The MMS3 observed
a velocity of vi,m ≈ 250 km/s, but none of the simulations produce such high veloc-
ity. Since the virtual satellites are around YGSM ≈ −1 RE , which is close to the merid-
ian plane, during the magnetopause crossing, it is reasonable that the simulations do not
produce large vi,m component. The difference between the simulations and the MMS3
data is unknown so far.
3.1.4 Electron profiles
Since the MHD-EPIC model can provide electron information, Figure 6 plots the
electron data. The electron density is essentially the same as the ion density for both
the MHD-EPIC simulation and the MMS3 observation due to charge neutrality at scales
much larger than the Debye length. The MHD-EPIC electron temperatures agree with
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MMS3 data in the magnetosheath. But the simulated electron temperatures are lower
than the observations in the magnetosphere, especially for the perpendicular tempera-
ture. In the electron velocity profiles observed by the MMS3 spacecraft, there are a lot
of small-scale high-amplitude oscillations. Such oscillations are missing in the MHD-EPIC
simulation probably due to the limitations of the grid resolution and time step. Between
XGSM = 9.72 RE and XGSM = 9.74 RE , the MMS3 spacecraft observed an electron
jet velocity of ve,l ≈ −500 km/s. The MHD-EPIC simulation also produces electron
jets with a similar velocity.
3.1.5 Flux ropes during the magnetopause crossing
The magnetic fields and density variations observed by the MMS3 spacecraft be-
tween XGSM = 9.715 RE and XGSM = 9.72 RE can match the signatures of a flux
rope. Figure 7(a) shows the magnetic fields and plasma profiles from both the MMS3
data and the MHD-EPIC simulation. Compared to Figure 3 and Figure 5, the MHD-
EPIC data in Figure 7(a) is shifted a little bit in order to directly compare with MMS3
data. Figure 7(b) illustrates how the corresponding flux rope moves across the virtual
satellite in the MHD-EPIC simulation. When the virtual satellite is still in the magne-
tosphere, the bulge of a flux rope propagates through the virtual satellite. Since the vir-
tual satellite is always on the magnetospheric edge of the flux rope, Bl is always posi-
tive during the flux rope crossing, but the value of Bl decreases when the virtual satel-
lite moves closer to the flux rope center. The Bn component changes sign even though
the negative part of the Bn field is not significant. The virtual satellite observes a core
field of Bm ≈ −15 nT near the center of the flux rope. The virtual satellite observes
significant enhancements of plasma density and plasma thermal pressure inside the flux
rope, since it moves from the magnetosphere into the magnetosheath. It is a southward
propagating flux rope that produces all of the features in the simulation. Figure 7(b) shows
the corresponding flux rope. The MMS3 data presents similar structures, so it is likely
the MMS3 spacecraft also observed a flux rope.
3.2 Movement and spreading of the X-lines
To compare the movement and spreading of the X-lines with observations, we de-
sign an automatic algorithm to identify X-lines based on the MHD-EPIC simulation elec-
tron jets velocities. First, we extract the 2D magnetopause surface from the PIC out-
–11–
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Figure 2. The Bz magnetic field in the ZGSM = −0.375 RE plane (left) and the
ZGSM = 1.375 RE plane (right) at the end of the MHD-EPIC simulation. The magnetopause
is identified by Bz,GSM = 0, which is the red line in each of the plots. The MMS3 and Geotail
satellites were around [9.73, -0.98, -0.33] and [7.7, -6.4, 1.4] in GSM coordinates, respectively,
when they acrossed the magnetopause. The black line and the black ’+’ sign in the left (right)
figure represent the MMS3 (Geotail) orbit and the observed magnetopause location that are
projected onto the ZGSM = −0.375 RE (ZGSM = 1.375 RE) plane.
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Figure 3.
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Figure 7. (a) The comparisons of the magnetic field, the ion density ni, the plasma pres-
sure (pth) and the magnetic field pressure (pB) of an FTE from the MMS observations (black
lines) and the MHD-EPIC simulation (red lines). The lower (upper) X-axis represents the coor-
dinate for the MMS (MHD-EPIC) data. (b) The plasma density and magnetic field lines in the
YGSM = −1.437 RE plane. The red star indicates the location of the virtual satellite when the
virtual satellite is at XGSM = 9.1 RE . The red dashed line illustrates how the flux rope moves
across the virtual satellite. We note that the red dashed line is not the virtual satellite orbit.
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puts by selecting the surface of Bz,PIC = 0. Secondly, on the magnetopause surface,
we loop through each column of the cells from the −ZPIC direction to the +ZPIC di-
rection, and find out the location Z
′
PIC , where the electron velocity ve,z changes from
southward (negative) to northward (positive). Finally, the velocity difference ∆ve,z be-
tween the maximum and minimum electron velocity ve,z within ZPIC ∈ [Z ′PIC−∆z, Z
′
PIC+
∆z] is calculated. If ∆ve,z is larger than the threshold value ∆vthreshold, the location Z
′
PIC
is identified as a reconnection site. In this section, we choose ∆z = 0.4 RE , which is
about 4 times of the magnetosheath ion inertial length, and ∆vthreshold = 200 km/s,
which is close to the magnetosheath Alfven speed. This simple algorithm is not very sen-
sitive to the choices of ∆z and ∆vthreshold. For example, changing the parameters to ∆z =
0.6 RE and ∆vthreshold = 300 km/s will not alter the results too much. Since the PIC
simulation coordinates are not parallel with the GSM coordinates, we present the PIC
simulation results in its simulation coordinate system in this section.
An example of the X-lines identified by the algorithm is presented in Figure 8. There
is a long X-line at this moment. This X-line is around ZGSM ≈ 3 RE in the GSM co-
ordinates due to the tilting of the dipole field, which is consistent with the MMS3 and
Geotail observations by Kitamura et al. (2016). However, it is unusual to form such a
long single X-line in the MHD-EPIC simulation. It is more typical to have multiple X-
lines at the same time in the PIC simulation domain, just as what is shown in Figure 9.
In the MHD-EPIC simulation, the evolution of the X-lines, which are identified by
the algorithm described above, is very dynamic and complicated. We will systematically
analyze the evolution of the X-lines in detail in a forthcoming paper. The following part
of this section presents some examples that may be related to the X-line spreading ob-
served by Zou et al. (2018).
By tracing the locations of the X-line edges, we can study the movement and spread-
ing of the X-lines. Points A, B, C and D in Figure 9 indicate the ends of two X-lines.
Table 3.2 shows the locations and moving speeds of the end points at t1=03:12:40, t2=03:14:00,
and t3=03:16:00. The subscripts of points A, B, C and D indicate the time. The speeds
are estimated based on the motion between two snapshots. Points A and B are the left
and right edges of an X-line, respectively. Point A moves dawnward with a speed of ∼
80 km/s, and Point B also moves dawnward but with a slightly slower speed of ∼ 64 km/s.
Since the speed difference between points A and B is very small, the X-line between A
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and B moves dawnward and its length does not grow too much. At t3, the X-line between
A and B has already split into two X-lines. The X-line between points C and D is an-
other example to show the growth of the X-line. From t1 to t2, point C moves dawnward
at a speed of ∼ 60 km/s, and point D does not move too much. So, this X-line spreads
dawnward between these two snapshots. From t2 to t3, point D also moves duskward fast
with a speed of ∼ 70 km/s, and this X-line spreads at both ends. The length of the X-
line between points C and D grows from 2.5 RE at t1 to 6 RE at t3. These examples sug-
gest that the typical propagation speed of an X-line endpoint is about 70 km/s. If both
endpoints of an X-line move towards the same direction at the same speed, it behaves
like the whole X-line moves in one direction. If one X-line endpoint is steady or the two
endpoints move in the opposite directions, the X-lines spreads in one direction or both
directions.
Zou et al. (2018) found that the total spreading speed of the X-lines under a weak
guide field is about 40 km/s. Even though the spreading speeds obtained from the MHD-
EPIC simulation are about 2 to 4 times faster than the observations, they are still com-
parable. The evolution of the X-lines can be very complicated, and we will present a sys-
tematic investigation in the forthcoming paper.
Table 1. The locations and speeds of the X-line endpoints that are marked in Figure 9.
t1=03:12:40, t2=03:14:00, and t3=03:16:00. Speeds v1,2 and v2,3 are calculated from the mo-
tion of the points from t1 to t2 and t2 to t3, respectively.
Point YPIC at t1 YPIC at t2 YPIC at t3 v1,2 [km/s] v2,3 [km/s]
A 2.8 1.8 0 80 96
B 5.8 5 3.8 64 64
C 7.5 6.8 5.5 56 70
D 10 10.2 11.5 10 70
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Figure 8. The electron velocity ve,z on the magnetopause in the PIC simulation coordinates
at t=03:00:00. The black lines represent the simulation X-lines. The black squares represent the
locations of the satellites when they observed the magnetopause, and the black crosses indicate
the X-line locations that are estimated from the satellite data (Kitamura et al., 2016).
4 Summary
The MHD-EPIC model is used to study the southward IMF event on 2015-11-18
01:50-03:00 UT. The simulation results are compared with the satellite data and the ground-
based SuperDARN observations. The key results are:
• The magnetopause location obtained from the MHD-EPIC simulation is very close
to the magnetopause location identified by either MMS3 or Geotail. Along the MMS3
orbit, the magnetopause observed by MMS3 is around XGSM = 9.735 RE , and
it is around XGSM = 9.4 RE in the MHD-EPIC simulation.
• The simulation magnetic fields match the MMS3 data very well except for the mag-
netosheath Bm component. The discrepancy may be caused by the difference be-
tween the simulation IMF and the actual IMF.
• The simulation ion density, perpendicular temperature, and parallel temperature
match the MMS3 data well. Both the simulation and the MMS3 spacecraft ob-
served southward high-speed ion flow.
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Figure 9. The evolution of the X-lines on the magnetopause. The vertical red dashed lines
indicate the location of noon.
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• The MHD-EPIC simulation provides electron information. The simulation elec-
tron number density agrees with MMS3 data well, but the simulation tempera-
tures in the magnetosphere are lower than the MMS3 data. Both the MMS3 data
and the simulation present electron jets with a velocity of ve,l ≈ −500 km/s.
• The MHD-EPIC simulation produces FTEs. The magnetic field and plasma vari-
ations between XGSM = 9.716 RE and XGSM = 9.72 RE in the MMS3 data
match the signatures of an FTE crossing event.
• There are usually multiple X-lines in the simulation domain instead of one long
X-line.
• The movement and spreading of X-lines are identified from the MHD-EPIC sim-
ulation. The endpoints of an X-line usually move at a speed of ∼ 70 km/s, which
is about 2 to 4 times faster than the SuperDARN observed X-line spreading speed.
Overall the MHD-EPIC simulation results show good agreement with observations, and
in general this model agrees better than the simpler Hall MHD and ideal MHD models.
The results suggest that MHD-EPIC can reproduce both the global and the small scale
structures successfully.
Acknowledgments
This work was supported by the INSPIRE NSF grant PHY-1513379 and the NSF PREEVENTS
grant 1663800. Computational resources supporting this work were provided on the Fron-
tera super computer through the Texas Advanced Computing Center, on the Pleiades
computer by NASA High-End Computing (HEC) Program through the NASA Advanced
Supercomputing (NAS) Division at Ames Research Center, and from Cheyenne (doi:10.5065/D6RX99HX)
provided by NCAR’s Computational and Information Systems Laboratory, sponsored
by the National Science Foundation.
The MMS datasets are publicly available at the MMS Science Data Center at https://lasp.colorado.edu/mms/sdc/public/.
The SWMF code (including BATS-R-US and iPIC3D) is publicly available through the
csem.engin.umich.edu/tools/swmf web site after registration. The simulation output used
for generating the figures in this paper can be obtained via https://umich.box.com/s/g74ild6z4wd4klcqv4u84cge0gkkncwf.
–22–
manuscript submitted to JGR: Space Physics
References
Borovsky, J. E., Hesse, M., Birn, J., & Kuznetsova, M. M. (2008). What determines
the reconnection rate at the dayside magnetosphere? Journal of Geophysical
Research: Space Physics, 113 (A7). doi: 10.1029/2007JA012645
Cassak, P. A., & Shay, M. A. (2007). Scaling of asymmetric magnetic reconnection:
General theory and collisional simulations. Phys. Plasmas, 14 , 102114. doi: 10
.1063/1.2795630
Chen, Y., & To´th, G. (2019). Gauss’s law satisfying energy-conserving semi-implicit
particle-in-cell method. J. Comput. Phys., 386 , 632. doi: 10.1016/j.jcp.2019.02
.032
Chen, Y., To´th, G., Cassak, P., Jia, X., Gombosi, T. I., Slavin, J., . . . Peng, B.
(2017). Global three-dimensional simulation of Earth’s dayside recon-
nection using a two-way coupled magnetohydrodynamics with embedded
particle-in-cell model: Initial results. J. Geophys. Res., 122 , 10318. doi:
10.1002/2017JA024186
Daldorff, L. K. S., To´th, G., Gombosi, T. I., Lapenta, G., Amaya, J., Markidis, S., &
Brackbill, J. U. (2014). Two-way coupling of a global Hall magnetohydrody-
namics model with a local implicit Particle-in-Cell model. J. Comput. Phys.,
268 , 236. doi: 10.1016/j.jcp.2014.03.009
Dorelli, J., & Bhattacharjee, A. (2009). On the generation and topology of flux
transfer events. J. Geophys. Res., 114 (A6).
Fedder, J. A., Slinker, S. P., Lyon, J. G., & Russell, C. T. (2002). Flux transfer
events in global numerical simulations of the magnetosphere. J. Geophys. Res.,
107 (A5). doi: 10.1029/2001JA000025
Guo, Z., Lin, Y., Wang, X., Vines, S., Lee, S., & Chen, Y. (2020). Magnetopause
reconnection as influenced by the dipole tilt under southward IMF conditions:
Hybrid simulation and MMS observation . submitted .
Hoilijoki, S., Ganse, U., Pfau-Kempf, Y., Cassak, P. A., Walsh, B. M., Hietala, H.,
. . . Palmroth, M. (2017). Reconnection rates and X line motion at the mag-
netopause: Global 2D-3V hybrid-Vlasov simulation results. J. Geophys. Res.,
n/a–n/a. doi: 10.1002/2016JA023709
Huba, J. D., & Rudakov, L. I. (2002). Three-dimensional Hall magnetic reconnec-
tion. Physics of Plasmas, 9 (11), 4435-4438. doi: 10.1063/1.1514970
–23–
manuscript submitted to JGR: Space Physics
Karimabadi, H., Krauss-Varban, D., Huba, J. D., & Vu, H. X. (2004). On magnetic
reconnection regimes and associated three-dimensional asymmetries: Hybrid,
Hall-less hybrid, and Hall-MHD simulations. Journal of Geophysical Research:
Space Physics, 109 (A9). doi: 10.1029/2004JA010478
Karimabadi, H., Roytershteyn, V., Vu, H. X., Omelchenko, Y. A., Scudder, J.,
Daughton, W., . . . Geveci, B. (2014). The link between shocks, turbulence,
and magnetic reconnection in collisionless plasmas. Physics of Plasmas, 21 (6),
062308. doi: 10.1063/1.4882875
Kitamura, N., Hasegawa, H., Saito, Y., Shinohara, I., Yokota, S., Nagai, T., . . .
Burch, J. L. (2016). Shift of the magnetopause reconnection line to the winter
hemisphere under southward IMF conditions: Geotail and MMS observations.
Geophysical Research Letters, 43 (11), 5581-5588. doi: 10.1002/2016GL069095
Komar, C. M., Fermo, R. L., & Cassak, P. A. (2015). Comparative analysis
of dayside magnetic reconnection models in global magnetosphere simula-
tions. Journal of Geophysical Research: Space Physics, 120 (1), 276-294. doi:
10.1002/2014JA020587
Lapenta, G., Brackbill, J. U., & Ricci, P. (2006). Kinetic approach to microscopic-
macroscopic coupling in space and laboratory plasmas. Phys. Plasmas, 13 ,
055904.
Malakit, K., Shay, M. A., Cassak, P. A., & Ruffolo, D. (2013). New electric field in
asymmetric magnetic reconnection. Physical review letters, 111 (13), 135001.
Markidis, S., Lapenta, G., & Rizwan-Uddin. (2010). Multi-scale simulations of
plasma with iPIC3D. Mathematics and Computers in Simulation, 80 , 1509–
1519. doi: 10.1016/j.matcom.2009.08.038
Moore, T. E., Fok, M.-C., & Chandler, M. O. (2002). The dayside reconnection
X line. Journal of Geophysical Research: Space Physics, 107 (A10), SMP 26-1-
SMP 26-7. doi: 10.1029/2002JA009381
Mozer, F. S., Pritchett, P. L., Bonnell, J., Sundkvist, D., & Chang, M. T. (2008).
Observations and simulations of asymmetric magnetic field reconnec-
tion. Journal of Geophysical Research: Space Physics, 113 (A1). doi:
10.1029/2008JA013535
Nishimura, Y., Wang, B., Zou, Y., Donovan, E. F., Angelopoulos, V., Moen, J. I.,
. . . Nagatsuma, T. (2020). Transient solar wind-magnetosphere-ionosphere
–24–
manuscript submitted to JGR: Space Physics
interaction associated with foreshock and magnetosheath transients and local-
ized magnetopause reconnection. AGU Monograph on Dayside Magnetosphere
Interactions, 248 . doi: 10.1063/1.4882875
Powell, K., Roe, P., Linde, T., Gombosi, T., & De Zeeuw, D. L. (1999). A solution-
adaptive upwind scheme for ideal magnetohydrodynamics. J. Comput. Phys.,
154 , 284-309. doi: 10.1006/jcph.1999.6299
Raeder, J. (2006). Flux transfer events: 1. generation mechanism for strong south-
ward imf. Annales Geophysicae, 24 , 381-392.
Shay, M., Phan, T., Haggerty, C., Fujimoto, M., Drake, J., Malakit, K., . . . Swisdak,
M. (2016). Kinetic signatures of the region surrounding the X line in asym-
metric (magnetopause) reconnection. Geophys. Res. Lett., 43 (9), 4145–4154.
Shay, M. A., Drake, J. F., Swisdak, M., Dorland, W., & Rogers, B. N. (2003). Inher-
ently three dimensional magnetic reconnection: A mechanism for bursty bulk
flows? Geophysical Research Letters, 30 (6). doi: 10.1029/2002GL016267
Shepherd, L., & Cassak, P. (2012). Guide field dependence of 3D X-line spreading
during collisionless magnetic reconnection. J. Geophys. Res., 117 (A10).
Sibeck, D., Kuznetsova, M., Angelopoulos, V., Glaßmeier, K.-H., & McFadden, J.
(2008). Crater FTEs: Simulation results and THEMIS observations. Geophys.
Res. Lett., 35 (17).
Tan, B., Lin, Y., Perez, J. D., & Wang, X. Y. (2011). Global-scale hybrid simula-
tion of dayside magnetic reconnection under southward IMF: Structure and
evolution of reconnection. Journal of Geophysical Research: Space Physics,
116 (A2). doi: 10.1029/2010JA015580
To´th, G., Chen, Y., Gombosi, T. I., Cassak, P., Markidis, S., & Peng, I. B. (2017).
Scaling the ion inertial length and its implications for modeling reconnection in
global simulations. J. Geophys. Res., 122 (10). doi: 10.1002/2017JA024189
To´th, G., Ma, Y. J., & Gombosi, T. I. (2008). Hall magnetohydrodynamics on block
adaptive grids. J. Comput. Phys., 227 , 6967-6984. doi: 10.1016/j.jcp.2008.04
.010
To´th, G., Sokolov, I. V., Gombosi, T. I., Chesney, D. R., Clauer, C., Zeeuw,
D. L. D., . . . Ko´ta, J. (2005). Space Weather Modeling Framework: A new
tool for the space science community. J. Geophys. Res., 110 , A12226. doi:
10.1029/2005JA011126
–25–
manuscript submitted to JGR: Space Physics
To´th, G., van der Holst, B., Sokolov, I. V., Zeeuw, D. L. D., Gombosi, T. I., Fang,
F., . . . Opher, M. (2012). Adaptive numerical algorithms in space weather
modeling. J. Comput. Phys., 231 , 870–903. doi: 10.1016/j.jcp.2011.02.006
Trattner, K. J., Mulcock, J. S., Petrinec, S. M., & Fuselier, S. A. (2007). Prob-
ing the boundary between antiparallel and component reconnection during
southward interplanetary magnetic field conditions. Journal of Geophysical
Research: Space Physics, 112 (A8). doi: 10.1029/2007JA012270
Zou, Y., Walsh, B. M., Nishimura, Y., Angelopoulos, V., Ruohoniemi, J. M.,
McWilliams, K. A., & Nishitani, N. (2018). Spreading Speed of Magnetopause
Reconnection X-Lines Using Ground-Satellite Coordination. Geophysical
Research Letters, 45 (1), 80-89. doi: 10.1002/2017GL075765
–26–
